Background: Mammography screening increases incidence because cancers are detected earlier in time and because of overdiagnosis. We developed an Excel-based model to visualize the expected increase from leadtime amplified by increasing background incidence. Subsequently, we added overdiagnosis to the model. Methods: We constructed two hypothetical populations of women aged 50-79 in 5-year age and calendar groups: one with screening for women aged 50-69 and one without. The user enters information on population at risk, number of breast cancers, trends in background incidence, average length of lead-time and, optionally, overdiagnosis. The model computes incidence rate ratios (IRRs) comparing incidence changes with screening to changes without in open and closed cohorts. Results: We entered information from Norway from 1990 to 1994, the period preceding the gradual introduction of a national mammography screening programme. As expected, the Screening Illustrator showed prevalence peaks and compensatory drops. Only the closed cohort approach remained unaffected by increasing background incidence. The model showed a 20% sustained increase in incidence (IRR: 1.20) from lead-time and increasing background incidence in the open cohort approach for women aged 50-69. However, real life Norwegian data show a corresponding 38% increase. For the model to achieve the observed incidence, 10-14% overdiagnosis had to be added. Conclusion: The observed breast cancer incidence increase in Norway after screening implementation could not be obtained from an average lead-time of 2.5 years and empirical background incidence trends, but had to incorporate overdiagnosis. 
Introduction
T he aim of mammography screening is to detect breast cancer earlier in time. Lead-time is the time interval between screening diagnosis and clinical diagnosis, had the woman not been screened. 1 Introduction of mammography screening leads to a sustained increase in breast cancer incidence, because cancers are detected earlier. 2 Overdiagnosis occurs when mammography screening detects breast cancers that would not have presented with symptoms during a woman's remaining lifetime. 3 Overdiagnosis adds to the sustained increase in breast cancer incidence after screening introduction. Separating the intended effect of lead-time on incidence from the excess increase due to overdiagnosis is complex.
One approach to assess overdiagnosis is to follow a 'closed cohort' that is a group of women followed from the time they enter the screening programme and until screening ends plus the maximal length of lead-time, where screening no longer affects their incidence (figure 1). Since cancers are diagnosed earlier within a cohort, the cumulative incidence with screening will equal the cumulative incidence without screening. 3 Hence, excess breast cancers at end of follow-up with screening by definition represent overdiagnosis. Another approach is to follow an 'open cohort' that is a group of screening-age women followed over periods of calendar time, but individual women are not necessarily followed during their entire screening history. Since some cancers that would have been diagnosed above the upper-age limit without screening are diagnosed below with screening, the average incidence in screeningage women will be higher than without screening. If the open cohort is expanded to include women above the upper-age limit corresponding to the maximal length of lead-time, the average incidence with screening may approach the incidence without, depending on trends in background incidence. Hence, overdiagnosis is more difficult to distinguish from the expected incidence increase in open cohorts.
We define trends in background breast cancer incidence as the naturally occurring change in incidence over time without screening caused by environmental or biologic factors, termed period or cohort effects. 4 These are usually estimated jointly as a total change over calendar time, which is known as the drift parameter in age-period-cohort models. 4 Increasing background breast cancer incidence may amplify the expected incidence increase due to leadtime, because cancers from older age groups and future periods with a higher incidence are detected earlier. 2 For example, assuming an average lead-time of 5 years, the observed incidence in women aged 60 years in year 2000 with screening reflects the incidence in women aged 65 in 2005 without screening.
Increases in breast cancer incidence have been observed with the introduction of national mammography screening programmes. 5 Some have argued that this results from lead-time effects inflated by increasing background incidence 2 and the use of analytic approaches based on open instead of closed cohorts. 5, 6 Others have argued that the increased incidence is due to overdiagnosis 7 and that open and closed cohort approaches are equally valid. 8 We developed an Excel-based model, the Screening Illustrator, to visualize the increase in incidence expected from lead-time and from background incidence trends in open and closed cohort approaches. We also allowed for overdiagnosis in the model. Finally, we compare our model to the observed breast cancer increase associated with introduction of mammography screening in Norway from late 1995-2004.
Methods
The Screening Illustrator compares two scenarios. In the first, there is no screening and in the second, screening is introduced in the second period for women aged 50-69 years. In both scenarios, we follow a hypothetical population of women aged 50-79 in 5-year age groups and 5-year calendar periods. In this idealized model, we assume full participation that is all women within the screening age range are screened.
On the first spreadsheet, the user customizes the model by entering information on age-stratified population at risk, agestratified number of breast cancers, year of screening introduction, and percentage change in background incidence (i.e. the naturally occurring change in incidence over time without screening 4 ) over a 5-year period without screening. The incidence increase due to increasing age is implicitly implemented, when the user enters observed age-stratified number of cancers. The increase is kept constant over subsequent calendar periods. The user enters an average length of lead-time ranging from 0 to 5 years, which is translated to a percentage of cancers moved from a later calendar period and older age group to an earlier period and younger age group, i.e. from one cell to a preceding cell. The percentage of moved cancers is calculated by dividing the average length of leadtime with the total length of 5 years. Thereby, we assume that all women move along the diagonal within each cell. The Screening Illustrator computes the absolute number of breast cancers in 5-year age groups and calendar periods in both scenarios and converts the absolute numbers to incidence rates per 100 000 person years. Incidence rates are also reported for aggregated groups according to the open or closed cohort analytic approaches and displayed in figures. The Screening Illustrator provides incidence rate ratios (IRRs) comparing changes in the screening scenario to the scenario without screening. An IRR of 1 means that there is no difference between the two scenarios, an IRR higher than 1 means that the incidence rate in the screening scenario is higher, and an IRR below 1 means that the incidence in the screening scenario is lower than in the scenario without screening.
On the second spreadsheet, the user has the option to add overdiagnosis by entering a percentage that will generate a number of excess cancers in the screening scenario. The percentage is multiplied with the corresponding number of breast cancers in the scenario without screening corresponding to a period 10 years later and 10 years older than with screening. This is a pragmatic way to cause the amount of overdiagnosis to follow trends in background incidence. The Screening Illustrator then converts the percentage of excess cancers to three standardized ways of estimating overdiagnosis. 9 Overdiagnosis is expressed as the number of excess cancers divided by three different denominators: number of cancers among unscreened women aged 50-79, among screened women aged 50-79 or among screened women aged 50-69.
The user is able to vary the change in background incidence and the average length of lead-time to assess how various scenarios affect the overdiagnosis measures.
Results
To demonstrate the use of the Screening Illustrator, we entered population at risk and number of breast cancers in Norway for the period 1990-94. 10, 11 This period preceded the gradual introduction of a national mammography screening programme from late 1995-2004. 12 We entered a background incidence increase of 3.7% (95% CI: 0.8-6.6%) per 5-year period, which has been estimated for Norway during 1978-97, 13 and an average lead-time of 2.5 years, which translates to 50% of cancers being moved from one cell to the preceding cell.
Expected incidence increases
The Screening Illustrator outputs the incidence changes in figure 2, when following a 'closed cohort' of women from the time they enter the screening programme and 10 years after screening ends. Figure 2A shows how incidence is higher at screening introduction at age 50-54, because cancers from the prevalent pool of pre-clinical cancers are detected earlier, therefore termed the 'prevalence peak'.
3 Incidence stabilizes at a higher level at age 55-69, because cancers from older age groups and future calendar periods with a higher incidence are detected earlier. Incidence drops at screening termination at age 70-74, because cancers that would have been diagnosed at this age have already been detected earlier with screening, therefore termed the 'compensatory drop'. Incidence reaches the same level as without screening at age 75-79 years, when the effect of the screening programme ceases. Figure 2B shows the cumulative incidence that during screening-age remains at a higher level than without screening, because cancers are detected at an earlier age. At screening termination, the cumulative incidence with screening drops to the same level as without screening, because the compensatory drop counterbalances the prevalence peak.
The Screening Illustrator outputs the incidence changes in figure 3 , when following 'open cohorts' over periods of calendar time. In the open cohort approach limited to screening-age women, the incidence peaks at screening introduction in 1995-99 and thereafter stabilizes at a higher level than without screening. This results from the prevalence peak stemming from all participants at screening introduction and from first-time participants at subsequent rounds. Moreover, incidence remains at a higher level because cancers from older age groups and future calendar periods with a higher incidence are detected earlier within the screening programme. In the open cohort approach including abovescreening-age women, incidence also peaks in 1995-99, but thereafter declines to almost the same level as without screening because the compensatory drop in incidence among women aged 70-74 is included. However, in the open cohort approach, the compensatory drop from an older cohort substitutes for the drop the specific cohort would have experienced later in life in a closed cohort approach. In consequence, the open cohort approach is affected by trends in background incidence. If background incidence is increasing, the drop the specific cohort would have experienced later in life exceeds the current drop of an older cohort. Therefore, the contemporary drop cannot fully substitute for the future drop, and incidence remains marginally increased compared to the scenario without screening. Had the background incidence remained unchanged over calendar time, the incidence would have declined to the exact same level as without screening.
The Screening Illustrator outputs IRRs in table 1 comparing changes in the screening scenario to concurrent changes in the scenario without screening. At screening introduction, the prevalence peak is apparent from the 51-64% higher incidence (IRR: 1.51-1.64) among screening-age women compared to what would have been observed without screening. In the subsequent periods, the peak continues among first-time participants aged 50-54 (IRR: 1.51). Among women aged 55-69 incidence remains at a higher level (IRR: 1.09-1.14) than without screening, because cancers from older age groups in future periods with higher incidence are diagnosed earlier in time. Among women aged 70-74, a compensatory drop of 50% (IRR: 0.50) occurs 5 years after screening introduction. In the open cohort approach limited to women aged 50-69, screening introduction leads to an initial increase of 59% in 1995-99 that stabilizes at 20% in subsequent periods. In the open cohort including women aged 50-79, no compensatory drop occurs in 1995-99 among women aged 70-74 resulting in an initial increase of 33% in 1995-99. In subsequent periods, compensatory drops from older cohorts do not fully substitute for the drop that screening-age cohorts would have experienced later in life due to the increasing background incidence, which results in a 1% sustained increase. In the closed cohort approach, the prevalence peak within each cohort is fully compensated by the later drop resulting in equal cumulative incidences with and without screening, evident in the IRRs of 1.00. In the closed cohort approach, cumulative IRRs are therefore unaffected by changes in background incidence.
Observed incidence increases
The annual breast cancer incidence in Norway has been steadily increasing over the past 50 years. During the implementation of screening from late 1995-2004 the increase was enhanced (See Supplementary figure S1). 11 Because screening was introduced gradually in Norway, the prevalence peak was stretched over several years, which complicates direct comparison with the output from the Screening Illustrator. In a previous publication, we took account of the gradual introduction by using time from introduction instead of calendar year as the underlying time axis. We estimated an average incidence increase of 38% (95% CI: 29-47%) across all regions from year 3 after introduction and onwards among women aged 50-69 compared with women aged 30-49.
14 This estimate is comparable to the sustained increase in subsequent rounds in the open cohort approach limited to women aged 50-69 in the Screening Illustrator.
However, the Screening Illustrator only showed a 20% sustained increase in incidence among women aged 50-69 in the open cohort approach (table 1) . The observed increase cannot be achieved from an average lead-time of 2.5 years and empirical increases in background incidence. In order to obtain a sustained increase of 38%, we need to turn to the second spreadsheet and generate overdiagnosis. By entering 14% excess cancers, the open cohort approach for women aged 50-69 shows a sustained increase of 39%. This corresponds to 10-14% overdiagnosis depending on the way overdiagnosis is expressed. The presence of overdiagnosis leads to increased prevalence peaks at introduction (IRR: 1.68-1.81) and among first time participants aged 50-54 (IRR: 1.68). Among women aged 55-69 incidence remains at an even higher level (IRR: 1.29-1.31) in subsequent periods. However, the compensatory drop of 50% (IRR: 0.50) is unaffected, since overdiagnosis stems from excess cancers that never would have been diagnosed without screening. The open cohort approach including women aged 50-79 shows a sustained increase of 12%, which is a combined effect of leadtime and overdiagnosis. The closed cohort approach shows an increase of 11%, exclusively due to overdiagnosis.
To assess how the input parameters affect the measures of overdiagnosis, we varied the change in background incidence according to the reported 95% CI, i.e. from 0.8 to 6.6%, and the average length of lead-time from 1 to 4 years. For each scenario, we changed the percentage generating excess cancers until a sustained increase of 38-39% was obtained in the open cohort approach for women aged 50-69. Varying the change in background incidence only led to minor changes, while changing the length of lead-time led to overdiagnosis measures varying from 4-5 to 15-22% (Supplementary table S1 ).
Discussion
We have demonstrated how the Screening Illustrator can be used to separate the effects of lead-time and overdiagnosis in different analytic approaches, which makes these complex effects accessible to clinicians, educators and researchers. In the development of the Screening Illustrator, we have prioritized transparency over complexity. A strength is the ideal comparison group consisting of identical women in a counterfactual scenario without screening. Estimates from observational studies and the Screening Illustrator will differ based on the plausibility of observed comparison groups. In an earlier study of the observed incidence increase in Norway, 14 we relied on uninvited women aged 30-49 to substitute for screening-age women in a scenario without screening.
In the Screening Illustrator, the underlying key assumption is the average length of lead-time, which may be varied, but cannot exceed 5 years 2, 15 and limits the compensatory drop to women aged 70-74. Since we assume full participation, we overestimate the increase that would be observed in a real setting with a given lead-time and thereby, underestimate the level of overdiagnosis. In Norway, 76% of invited women chose to participate. 12 We assume that the change in background incidence is the same for all age groups. Another simplification is the 5-year age and period grid. Altogether, this results in the incidence peak limited to the period with screening introduction followed by a decrease that stabilizes in the subsequent period. Expected incidence increases are bound by the lead-time assumption and the 5-year grid. If an average lead-time of 5-10 years was imposed by moving cancers two cells diagonally, the peak would last for two periods and thereafter stabilize. Duffy and colleagues 16 chose a 1-year grid that allowed a more elaborate leadtime assumption with a certain percentage moved 1-10 years, which corresponded to an average lead-time of about 3.3 years. This resulted Table 1 Incidence rate ratios comparing screening to no screening Year of screening introduction is set to 1995, change in background incidence to 3.7% per 5-year period, and average lead-time to 2.5 years. The black frame indicates screening introduction and hatched cells prevalence peaks (age 50-69) and compensatory drops (age 70-74) in a higher peak in the first period followed by a gradual decline afterwards. Although a more elaborate lead-time assumption would result in more accurate changes in incidence, the required complexity would reduce the immediately apparent lead-time effect represented by cancers being moved from one cell to a preceding cell.
The Screening Illustrator suggests that in settings without ageperiod interactions the incidence inflation from increasing background incidence is small in open cohort approaches. Moreover, the Screening Illustrator shows how an open cohort approach limited to screening-age women results in sustained incidence increases even without overdiagnosis in the introduction and subsequent periods. Similarly, the open cohort approach including above-screening-age women results in an incidence increase in the introduction period, but when compensatory drops are included in subsequent periods, the open cohort approach performs nearly identical to the closed cohort approach. The closed cohort perfectly absorbs changes in background incidence as movement of diagnoses occurs within the cohort, and consequently no incidence increase is observed due to screening (the IRR equals one). Full follow-up of several birth cohorts does, however, require study periods of >30 years, which is rarely feasible. Thus, we find it interesting that the more feasible open cohort approach including above-screening-age women performs nearly as well, even with substantial changes in background incidence. In our application, observed increases in breast cancer incidence in Norway could not be achieved from lead-time effects and increasing background incidence alone, but had to incorporate overdiagnosis. Changing the input parameters showed how the overdiagnosis measures rely on assumptions about the average length of lead-time and change in background incidence. Although the Screening Illustrator cannot provide an exact estimate of the amount of overdiagnosis, it helps understand the interplay between lead-time and overdiagnosis.
We encourage readers to employ the tool and compare their customized model to observed data available to them. Please send suggestions for modifications to the corresponding author. Updates of the Screening Illustrator will be published on http://ph.au.dk/ uddannelse/software/.
Supplementary data
Supplementary data are available at EURPUB online.
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Key points
The Screening Illustrator, an Excel-based model, illustrates how incidence increases from lead-time can be distinguished from trends in background incidence and overdiagnosis.
Realistic increases in background incidence of breast cancer lead only to small increases in observed incidence in open cohort analyses. Observed incidence increases in Norway cannot be explained without incorporating overdiagnosis. The Screening Illustrator may be a useful tool for clinicians, researchers and educators to teach, understand and evaluate ongoing screening programmes.
